We used the common fish pathogen Ichthyophthirius multifliis as a model for studying interactions between parasitic ciliates and their vertebrate hosts. Although highly pathogenic, Ichthyophthirius can elicit a strong protective immune response in fish after exposure to controlled infections. To investigate the mechanisms underlying host resistance, a series of passive immunization experiments were carried out using mouse monoclonal antibodies against a class of surface membrane proteins, known as immobilization antigens (or i-antigens), thought to play a role in the protective response. Such antibodies bind to cilia and immobilize I. multifiliis in vitro. Surprisingly, we found that passive antibody transfer in vivo caused rapid exit of parasites from the host. The effect was highly specific for a given L multifiliis serotype. F(ab)2 subfragments had the same effect as intact antibody, whereas monovalent Fab fragments failed to protect. The activity of Fab could, nevertheless, be restored after subsequent i.p. injection of bivalent goat anti-mouse IgG. Parasites that exit the host had detectable antibody on their surface and appeared viable in all respects. These findings represent a novel instance among protists in which protective immunity (and evasion of the host response) result from an effect of antibody on parasite behavior.
ABSTRACT
We used the common fish pathogen Ichthyophthirius multifliis as a model for studying interactions between parasitic ciliates and their vertebrate hosts. Although highly pathogenic, Ichthyophthirius can elicit a strong protective immune response in fish after exposure to controlled infections. To investigate the mechanisms underlying host resistance, a series of passive immunization experiments were carried out using mouse monoclonal antibodies against a class of surface membrane proteins, known as immobilization antigens (or i-antigens), thought to play a role in the protective response. Such antibodies bind to cilia and immobilize I. multifiliis in vitro. Surprisingly, we found that passive antibody transfer in vivo caused rapid exit of parasites from the host. The effect was highly specific for a given L multifiliis serotype. F(ab)2 subfragments had the same effect as intact antibody, whereas monovalent Fab fragments failed to protect. The activity of Fab could, nevertheless, be restored after subsequent i.p. injection of bivalent goat anti-mouse IgG. Parasites that exit the host had detectable antibody on their surface and appeared viable in all respects. These findings represent a novel instance among protists in which protective immunity (and evasion of the host response) result from an effect of antibody on parasite behavior.
The parasitic ciliate Ichthyophthirius multifiliis has significant impact on commercial aquaculture, and it is well-known to amateur fish enthusiasts as the causative agent of "Ich," or "white-spot" (1, 2) . Aside from its practical importance, it offers a unique model for the study of host-parasite interactions (3) . Ichthyophthirius invades the epithelium of the skin and gills and readily kills fish maintained in closed aquatic systems. Nevertheless, fish can develop a strong acquired immunity against the parasite after exposure to controlled infections (for review, see ref. 4) . Indeed, recent work has suggested that a novel mechanism of protection may underlie host resistance (5) .
Studies with actively immune carp have shown that parasites can invade epithelium, but "80% disappear within 2 hr of infection with little or no trace. Based on these findings, it was concluded that immunity results from rapid, premature exit of parasites from the host (5) . Although this conclusion was intriguing, a mechanism that could account for this phenomenon was lacking. Furthermore, previous studies (4) have supported a more conventional model in which parasites are either blocked from entry, or killed in situ, by antibodies against a defined class of surface membrane proteins known as immobilization antigens, or i-antigens (6, 7) .
The i-antigens comprise a family of highly abundant, Glycosyl Phosphatidylinositol (GPI)-anchored membrane proteins (8, 9) that have been actively studied in the free-living ciliates Paramecium and Tetrahymena in connection with antigenic switching at the cell surface (10, 11) . Antibodies directed against these proteins bind cilia and prevent cell movement. The i-antigens of Ichthyophthirius are immunodominant in fish (C. Xu & T.-L.L., unpublished data), and the response to natural infection includes the production of both serum and mucus antibodies that immobilize all stages of the parasite in vitro (4) . Clearly, the presence of immobilizing antibodies within host tissues is inconsistent with observations that parasites can invade and then escape the epithelium of actively immune fish.
To address this question, a series of passive immunization experiments have been carried out using mouse mAbs against the i-antigens of Ichthyophthirius. Rather than immobilizing the parasite in vivo, we found that such antibodies caused the rapid exit of I. multifiliis from the host. The effect was highly specific for a given I. multifiliis serotype and required antigen cross-linking on the parasite surface.
MATERIALS AND METHODS
Parasite Cultures. I. multifiliis (serotype G3) was isolated from an infected brown trout (Salmo trutta) obtained from a local hatchery. Parasites were cultured from a single cloned tomont and maintained in the laboratory on juvenile channel catfish (Ictalurus punctatus) as described (12) . A independent isolate, designated G4, was obtained from an outbreak of I. multifiliis in the channel catfish holding facility at the University of Georgia. This isolate was cloned and maintained as above. Based on immobilization assays with polyclonal mouse and catfish antisera, G4 was found to have the same serotype specificity as a previously characterized strain, designated G2 (4, 13) .
mAbs. BALB/c mice were immunized with a detergentsoluble membrane protein fraction from I. multifiliis theronts (6) , and hybridomas were prepared as described (6) . Hybridoma supernatants were screened by ELISA for the production of antibodies against the membrane protein fraction, and positive cells were cloned three times by limiting dilution. Supernatant fluids were then rescreened for their ability to immobilize I. multifiliis theronts using standard assays (6, 14) . Four cell lines tested positive in these assays, and one (designated G3-61) was used for the production of immobilizing mAbs. A cell line that produced nonimmobilizing mAbs (designated G3-74) was used for the isolation of control antibodies.
For mAb purification, BALB/c mice were primed with pristine (Aldrich) and inoculated with 1 X 107 antibodyproducing cells. Ascites fluids were harvested 10-14 days later, and antibodies were isolated using a commercial purification kit (E-Z SEP-B ascites) as described by the manufacturer 
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trations were determined spectrophotometrically (15) . mAb isotypes were determined by ELISA using rabbit anti-mouse immunoglobulin (class and subclass) specific antisera (Sigma). Although a complete description of mAb specificities is not reported here, mAb G3-61 was found by affinity chromatography and SDS/PAGE to bind a predominant 55-kDa membrane antigen in the G3 serotype (not shown). In previous experiments (4), this same polypeptide was shown to react with a monospecific polyclonal rabbit antiserum that recognizes the i-antigens of a number of different L multifiliis strains. The control antibody, mAb G3-74, was found to react exclusively with a 14-kDa membrane polypeptide on Western blots.
Host Infection and Passive Immunization. For whole body infections, juvenile channel catfish (10-20 g) were placed in jars containing 800-1000 ml of carbon-filtered water and exposed to I. multifiliis theronts at an infective dose of 5000 parasites per fish for 24 hr. For tail fin infections (unless otherwise noted), fish were anesthetized with tricaine methanesulfonate (100-200 mg/liter), and their tails were placed in a trough containing 50 ml of infectious theronts at a concentration of 500 parasites per ml for 5 min. After exposure to parasites, animals were rinsed briefly with carbon-filtered water and placed in 38-liter aquaria. For passive immunizations, mAbs were brought to final concentration of 2.5 mg/ml in PBS containing 136 mM NaCl, 2.7 mM KCl, 8 mM Na2PO4, and 1.5 mM KH2PO4 and injected into the peritoneal cavity of fish using a 1-ml syringe fitted with a 25 gauge needle.
Generation of Proteolytic Subfragments. After initial purification (see above), mAbs were subjected to molecular sieve chromatography on Sephacryl S-200 (Pharmacia), and the antibody-containing fractions were digested under standard conditions with either pepsin or papain for the production of F(ab)2 and Fab subfragments, respectively (15) . Intact antibody and contaminating Fc fragments were removed from protein digests by affinity chromatography on protein-A agarose (Boehringer Mannheim) (15) . Before loading on the column, antibody-containing solutions were adjusted to 3.3 M NaCl, 1.5 M glycine, and 0.1 M sodium borate (pH 8.9). Eluted fractions were passed over the column a second time, and the resulting Fab and F(ab)2 subfragments were concentrated by addition of saturated ammonium sulfate to a final concentration of 60% (wt/vol). Precipitates were then dissolved in PBS and dialyzed against the same buffer before freezing at -80°C. Proteolytic subfragments were judged to be >98% pure by SDS/PAGE. Immobilizing activities of Fab and F(ab)2 preparations were determined by in vitro assay (6) . At roughly equivalent concentrations, the immobilization activity of F(ab)2 fell within two doubling dilutions of intact antibody, whereas the activity of Fab was -500-fold less.
Immunofluorescence (4, 6) . The specific mAb used in this study, designated G3-61, is an IgG1 isotype that strongly immobilizes all stages of Ichthyophthirius (strain G3) in vitro and binds the predominant 55-kDa i-antigen expressed by the G3 serotype. To determine the effect of mAb G3-61 on parasites in vivo, juvenile channel catfish were exposed to I. multifiliis infections and maintained in aquaria for 3 days to allow parasites to develop. Fish were then divided into two equal groups and injected i.p. with either 0.5 mg of purified mAb G3-61 or 0.5 mg of the control antibody, mAb G3-74, which binds a 14-kDa Ichthyophthirius membrane protein and completely lacks immobilization activity in vitro. When examined 24 hr after immunization, mAb G3-61-injected fish had no visible parasites, whereas control animals were heavily infected and subsequently died. The appearance of immunized fish is shown in Fig. 1 . By subjecting test animals to localized infections of their tail fins, trophonts (the host-associated stage of I. multifiliis) could be visualized by phase contrast microscopy within the epidermis (Fig. 1) , and the kinetics of the antibody effect could be determined. As shown in Fig. 2 , parasites were found to rapidly disappear from mAb G3-61-injected fish beginning -3 hr after inoculation and were essentially gone by 12 hr.
To determine whether mAb G3-61 was acting directly on parasites, experiments involving mixed infections with differ- G3-74 + GaM 101 ± 14t 141 ± 22 Mixed infections with different I. multifiliis serotypes (*) were carried out by applying theronts of the G3 and G4 strains to small regions (10-20 mm2) on the upper and lower tail fins of fish. Polypropylene centrifuge tubes (15-ml conical tubes with their bottoms cut off) were pressed firmly against the upper and lower parts of the fin, and cell suspensions containing 500 theronts per ml were added to each tube (G3 on the upper fin and G4 on the lower fin). Preparations were incubated for 5 min to allow parasites to establish on the host before the suspensions were withdrawn. Fish were then rinsed briefly in H20 and returned to aquaria. Fish were injected with 0.5 mg of the listed antibody preparation 72 hr after initial exposure to the parasite. Tail fins were examined by phase contrast microscopy, and trophonts were counted just before (0 hr) and 24 hr after passive immunization. As was evident in Fig. 1 , parasite numbers increase on the control animals during the time course of these studies (16) . The effect of goat anti-mouse IgG (GaM) was examined in separate experiments in which the secondary antibody was administered 9 hr after mAb injection. The greater number of parasites seen in the Fab + GaM group reflects a higher initial infective dose (2500 theronts per ml). *Mixed infections on the same tail fin. tThree fish ± SD. tFour fish ± SD. §Five fish ± SD. sible to know for any given trophont whether it had exited the fish on its own or had been driven off by antibody. Indirect studies, nevertheless, provided clear evidence on this point. Infected channel catfish were injected with either mAb G3-61 or the control antibody, mAb G3-74, and parasites were harvested from the water 24 hr after immunization. As shown in Table 2 , nearly 80% of tomonts recovered from G3-61-injected fish had initiated cell division at the time they were harvested, compared with only 14% in the case of the control group. Furthermore, tomonts collected from G3-61-injected juvenile channel catfish were exposed to whole-body infections. After 72 hr, animals were divided into equal groups and injected i.p. with either 0.5 mg of mAb G3-61 or the same amount of mAb G3-74 as a control. Immediately after mAb injection, each group was placed in a separate beaker with 1.5 liters of H20. Fish were removed 24 hr later, and representative samples of tomonts (*, t) were placed individually into the wells of 96-well plates. Parasites were examined under a dissecting microscope, and the percent undergoing division was determined. Tomonts in the plates were maintained for an additional 24 hr, after which all had completed division. Individual wells were pooled, and resulting daughter cells (theronts) were counted with a hemocytometer. The average number of theronts per tomont was then calculated for each representative group. Finally, theronts present in the beakers (48 hr after immunization) were harvested by centrifugation at 1000 x g for 2 min in oil centrifuge tubes (IEC HN-SII centrifuge) and counted as above. Estimates of the total number of tomonts that had left the fish were made by dividing total theronts (beakers plus 96-well plates) by the average number of theronts per tomont calculated for each group. Immunology: Clark et al.
fish gave rise to only half the number of daughter cells than did those from controls ( Table 2 ). The number of theronts generated per tomont is directly proportional to tomont size, which in turn is a function of the length of time parasites stay on the fish; the sooner they exit, the smaller they are (21) . Finally, estimates of the total numbers of parasites in the water revealed that more than twice as many had exited mAb G3-61-injected fish than had left the controls. In further experiments in which the actual numbers of parasites in the water were counted (rather than inferred), we consistently found 2-10 times the number of tomonts exiting G3-61-injected fish than the controls. As shown in Fig. 3 , parasites obtained from these fish were motile, and virtually all had mouse antibody bound to their surface.
DISCUSSION
Taken together, the results described here argue strongly that parasites are forced to exit the host in response to antibody and provide the molecular basis for previous observations by Cross and Matthews (5) (23) ] is controlled through electrophysiological properties of the ciliary/plasma membrane (24) . While a mechanism of immunity involving avoidance behavior would tie a problem in immunoparasitology to observations on cell motility dating back almost a century (25) , other possibilities could explain this phenomenon as well. For example, antigen cross-linking could activate (or reverse) the normal developmental switch that regulates the transition between (fish-associated) trophont and free-swimming (tomont and theront) stages of the parasite.
Regardless of the precise mechanism involved, it is clear that mAb G3-61 acts directly on the parasite and that antibody binding alone is not sufficient to cause the effect. Thus, forced exit almost certainly reflects a physiological response by the parasite (leading to a change in establishment behavior), rather than a passive process such as simple detachment resulting from competition between mAb G3-61 and some hypothetical ligand within the host. The i-antigens are GPIanchored proteins (8, 9) , and while their biological function is unknown, it is conceivable that they play a role in signal transduction. While such proteins are restricted to the outer leaflet of the plasma membrane, it should be mentioned that antibody-mediated clustering of GPI-anchored proteins in mammalian T-cells promotes lymphocyte activation through a pathway that appears to involve tyrosine kinases of the Src family (26) .
To our knowledge, a mechanism of protective immunity involving an effect of antibody on parasite behavior would be extremely novel. Indeed, we know of only one possible analogy to this situation in nature, namely, immunity in rats to the metazoan Trichinella spiralis. In this case, antibodies mediate rapid expulsion of infectious organisms from the host by mechanisms that appear to involve both host and parasite functions (27, 28) .
While the results presented here indicate that forced exit plays a role in protective immunity against Ichthyophthirius, other mechanisms may contribute to host resistance as well. Substantial numbers of parasites may, in fact, be killed on the fish after antibody binding, and indirect evidence has suggested that more than a single mechanism may be at play in acquired immunity (29, 30) . Nevertheless, the ability of mAb G3-61 to passively protect fish against I. multifiliis is noteworthy in at least two further respects. First, the degree of protection afforded in this case is extraordinarily high (essentially 100%) and rivals that for any host-parasite system known. Second, because trophonts are confined to the epidermal layer of the skin and gills, mouse antibodies (in this case an IgGi) must reach the surface of fish in order for them to be effective. This is significant with respect to the immune system of teleosts, since fish immunoglobulin (which is tetrameric) is highly restricted in its ability to reach the mucosal surfaces of experimental animals after i.p. injection (31) . While it is known that antibodies are present at the surface of fish (that is, in mucus) (32, 33) , the origin of such antibodies is poorly understood.
Finally, since tomonts that exit fish in response to antibody appear viable, the effect described here may spare both the parasite and the host and could be viewed equally as a mechanism of host evasion (by the parasite) and protective immunity (for the host).
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